hanging positive end-expiratory pressure (PEEP) alters respiratory system mechanics, chest-wall confi guration, lung recruitment, and blood gases, and thereby impacts respiratory muscle load and function, as well as breathing pattern and respiratory drive, via refl ex-controlled feedback loops. [1] [2] [3] [4] [5] [6] In an individual patient, PEEP-induced changes in the respiratory muscle load and function are diffi cult to predict. Although excessively high PEEP levels may impair the diaphragm length-tension relationship, low PEEP levels may worsen respiratory system mechanics. 1,7-9 Both conditions may not only induce an increase in respiratory drive, but may also impair the translation of neural drive into tidal volume (V t ) generation and thus affect neuroventilatory effi ciency.
(Maquet; Solna, Sweden) into pressure delivered by the ventilator (Servo 3.02.01; Maquet). 13, 16, [19] [20] [21] The magnitude of inspiratory Paw is determined every 16 ms by multiplication of the EAdi amplitude with an adjustable proportionality constant (NAVA level). Assist is initiated when the EAdi exceeds a threshold increment and is cycled off to a caregiver-defi ned PEEP level when the EAdi falls below 70% of its inspiratory peak value or when an upper Paw limit (set at about 10 cm H 2 O above the expected peak Paw during the highest PEEP level used [PEEPhigh] in the present study) is reached. To avoid delays in delivery of assist due to fi ltering of ECG or artifacts that coincide with the beginning of the EAdi, the ventilator is triggered by either changes in EAdi or fl ow, on a fi rst-come, fi rst-served basis. When fl ow triggering precedes EAdi triggering, a default pressure of 2 cm H 2 O is delivered until Paw delivered proportional to the EAdi exceeds this pressure.
Study Protocol
Patients were studied in the supine position with their heads elevated by 30° (e -Fig 1) . A sedation target according to the Richmond Agitation-Sedation Scale (RASS) score 22 was prescribed by the clinician.
NAVA Level Titration
First, a NAVA level titration was performed, as previously described, using preset PEEP (PEEPbl). 17, 18 Briefl y, the NAVA level was reduced to a minimum of 0 cm H 2 O/ m V (NAVAzero). When suffi cient EAdi was detectable (at least twice the EAdi trigger threshold), the NAVA level was increased by 0.1 cm H 2 O/ m V every 20 s. As previously described, by observing a time plot/trend of Paw and V t on the ventilator monitor, NAVAal was determined as the NAVA level early after the transition from an initial steep increase in Paw and V t (fi rst response) to a less steep increase or even plateau in Paw and V t (second response) (e- Fig 2) .
Changing PEEP
Pressure support ventilation (PSV) using PEEPbl was implemented for 15 min before switching to NAVAal with PEEPbl. NAVAal remained unchanged at all PEEP levels. PEEP was increased to a maximum of 20 cm H 2 O (PEEPhigh) or until mean arterial BP decreased by . 30% of its baseline value or to , 55 mm Hg and did not respond to the therapeutic interventions defi ned by the treating physician. PEEP was then decreased stepwise to PEEPbl, to half PEEPbl, and to 1 cm H 2 O (PEEP1), followed by increases in PEEP using the same steps in the reversed order. Each PEEP level was maintained for 15 to 20 min.
The protocol was discontinued if arterial blood saturation decreased below 90% (or below 85% in patients with a history of COPD) and did not respond to an increase in the F io 2 to a maximum of 0.8. After completion of the PEEP changes, the NAVA catheter was left in place for a separate weaning study.
Measurements
Paw, fl ow, and EAdi were recorded continuously (NAVA tracker; Maquet). Arterial blood gases were measured, and arterial and central venous BPs were recorded at the end of each PEEP level. Additional hemodynamic data were recorded, and mixed venous blood gases were measured if a pulmonary artery catheter was used for clinical routine.
Data Analysis
Breath-by-breath analysis was performed offl ine using custommade software (Neurovent Research Inc.; Toronto, ON, Canada) respiratory drive into tidal ventilation. V t /EAdi allows the monitoring of changes in the patient's neuroventilatory effi ciency regardless of the factors and mechanisms involved in altering muscle load and function.
Neurally adjusted ventilatory assist (NAVA) delivers inspiratory airway pressure (Paw) in proportion to the EAdi, 14, 15 using an adjustable, proportionality constant (NAVA level) 16 while a caregiver-defi ned level of PEEP is applied during expiration. During systematic increases in the NAVA level, down-regulation of EAdi limits increases in Paw once the assist with NAVA enables inspiratory efforts to occur at a level that corresponds to nonloaded conditions (ie, at an adequate NAVA level [NAVAal] ). 17, 18 We hypothesized that, during NAVAal, changes in EAdi and its associated changes in Paw would compensate for changes in inspiratory muscle load and function when PEEP levels are altered. To study the effects of PEEP on breathing pattern and neuroventilatory effi ciency during NAVAal in a heterogeneous group of adult patients, we measured EAdi, Paw, V t , and gas exchange, and calculated V t /EAdi during systematic changes in PEEP between 20 and 1 cm water (H 2 O). A second aim was to evaluate the reproducibility of identifying NAVAal.
Materials and Methods
The protocol was approved by the Kantonale Ethikkommission (Ethics Committee) of the Canton of Bern, Switzerland. Written informed consent was obtained from the next of kin and from an independent physician. Invasively ventilated patients who pneumatically triggered the ventilator were eligible. For details about inclusion and exclusion criteria and methods, see e-Appendix 1. Before enrollment, the patients had been on invasive mechanical ventilation for 3.5 (2.0-11.3) days, and they remained ventilated for a total duration of 8. and V e increased before NAVAal (fi rst response), whereas between NAVAal and NAVAhigh, V t and V e remained unchanged (second response) despite roughly doubling the NAVA level. At NAVAal and NAVAhigh, mean inspiratory EAdi was reduced by 23% (15%-33%) and by 46% (36%-73%) of its values at NAVAzero ( P , .001 for both comparisons). during the entire NAVA level titration and during the fi nal 5 min on each PEEP level. Periods of coughing and endotracheal suctioning were excluded from analyses. For each patient, the EAdi reached its individual maximum when applying NAVAzero during the titration procedure. Because of interindividual variability in the EAdi amplitude, [11] [12] [13] all EAdi values are expressed as a percentage of the individual maximum. During PEEP changes, the EAdi during the last two quartiles of expiration was also assessed for tonic activity, as previously described. 4 The percentage of all breaths triggered by either fl ow or EAdi, and the percentage of breaths cycled off by either reaching the upper Paw limit or the EAdi-based cycling-off criterion, were obtained from the ventilator log fi le.
Validation of NAVAal Identifi cation:
Seventeen independent physicians blinded to the NAVAal selected during the study were instructed to identify a NAVA level immediately following the transition from a steep to a less steep increase in Paw and V t on screen prints of the original trend graphs (e- Fig 2) .
Calculated Variables
Inspiratory time (Ti) was defi ned as the time between start of the EAdi and 70% of its peak value. V t was calculated by integrating fl ow. Minute ventilation ( V e ) 5 respiratory rate (RR) 3 V t . Neuroventilatory effi ciency (V t /EAdi) 5 V t divided by the integral of the inspiratory EAdi. The EAdi time integral (mean EAdi 3 Ti 3 RR) was calculated as an indicator of inspiratory electrical energy expenditure. Arterial oxygen content, global oxygen delivery, pulmonary shunt fraction, and respiratory system compliance during PSV were calculated using standard formulas.
Statistical Analysis
Statistical analysis was performed with SigmaStat, version 3.11 (Systat Software Inc.; San Jose, CA). Data are presented as mean 6 SD or median (25th-75th percentiles) as indicated by assessment of normal distribution (Kolmogorov-Smirnov test). Repeated measurements were analyzed using analysis of variance or analysis of variance on ranks. Holm-Sidak or Tukey methods were used for posttest, pairwise, multiple-comparison procedures. Groups with paired data were compared with the t test or the Wilcoxon signed rank test. Concordance and Pearson correlation coeffi cients, and the bias correction factor Cb, were calculated for comparison of NAVAal as used during the study and as identifi ed post hoc by independent observers. The level of signifi cance was P , .05.
Results
Twenty patients (age 66 [54-76] years, Acute Physiology, and Chronic Health Evaluation (APACHE) score II 21 [20] [21] [22] [23] [24] [25] ) were studied ( Table 1 ). All PEEP steps could be applied in each patient. Pulmonary artery catheter data were available in 11 patients. Infusion rate of sedative drugs, RASS scores (-2 [-3 to -1]), and F io 2 (0.43 [0.40-0.50]) remained unchanged during NAVA level titrations and PEEP changes. Changes observed when switching from PSV to NAVAal are given in Figure 1 and e- Table 1 .
NAVA Level Titration
Changes observed during the NAVA level titration are shown in Table 2 and e- Figure 3 . Paw, V t , at PEEPhigh to 93% (78%-98%) at PEEP1 ( P 5 .023). The percentage of EAdi-based cycling off did not change between PEEP levels.
Neuroventilatory Effi ciency
For the group, V t /EAdi increased with PEEP increases ( Table 3 ) . However, the V t /EAdi response pattern differed among patients ( Fig 3 , e-Fig 4) : In seven patients, V t /EAdi did not increase further or even decreased when using PEEP levels higher than PEEP1 or half PEEPbl. In six patients, V t /EAdi increased up to PEEPbl but did not improve further when using PEEPhigh. In the remaining seven patients, the V t /EAdi ratio increased with all increases in PEEP until PEEPhigh. V t remained unchanged during PEEP changes in all subgroups. Cdyn and RASS score ( Table 1 ) , as well as the oxygen saturation in arterial blood response to PEEP changes and the end-expiratory fl ow velocity as a qualitative indicator of intrinsic PEEP (e-Table 2), did not differ among the subgroups ( P . .05 for all).
Discussion
The main fi nding of the present study is that during application of NAVAal, patients adapt their respiratory drive, and hence the inspiratory assist, such that PEEP-induced changes in neuroventilatory effi ciency are compensated for. As a consequence, in the majority of patients the ventilatory pattern is preserved over a wide range of PEEP levels with NAVA. The V t /EAdi response pattern to PEEP changes allows for identifi cation of a PEEP level at which the EAdi required for V t generation is
PEEP Changes
Changes observed for all measured variables induced by decreasing PEEPhigh stepwise to PEEP1 were not different from those observed when increasing PEEP in reversed order ( Fig 1, Table 3 ). Thus, only results during the decremental PEEP steps are reported. The individual responses in V t , RR, and V e to PEEP changes are given in e- Figure 4 .
Lowering PEEPhigh to PEEP1 reduced oxygen saturation in arterial blood from 96% 6 3% to 92% 6 4% ( P , .001) and Pa o 2 /F io 2 from 223 (191-285) mm Hg to 166 (123-219) mm Hg ( P , .001). Parameters of cardiovascular function remained unchanged. Pulmonary shunt fraction increased from 20% (14%-25%) to 29% (19%-40%) of cardiac output (n 5 11; P 5 .020). No changes were observed for Pa co 2 , mixed venous oxygen saturation, global oxygen delivery, and global oxygen consumption, except that central venous pressure decreased from 12 (10-14) cm H 2 O to 10 (6-12) cm H 2 O ( P , .001).
V t , RR, V e , and Ti remained unchanged, whereas the inspiratory proportion of the total breath duration increased ( P 5 .005; Fig 2 ) when reducing PEEP. Inspiratory EAdi increased by 34% (2%-67%) ( P , .001) and was associated with an increase in mean Paw above PEEP by 4.1 (0.6-5.6) cm H 2 O ( P 5 .008) ( Fig 1 ) A minor increase in EAdi during the last quartile of expiration was observed ( Table 3 ). The percentage of EAdi-based triggering increased from 45% (23%-85%) Respiratory drive is modulated continuously by vagally mediated lung-protective refl exes, 5,26-31 respiratory muscle function, load, fatigue, 20,32-35 and blood gases. 36 Thus, EAdi that is a validated measure of global respiratory drive [10] [11] [12] [13] should reveal any PEEP-induced impact on respiratory muscle function and load. 37, 38 In the present study, decreasing PEEP from 20 to 1 cm H 2 O increased EAdi by 34% and inspiratory electrical energy expenditure by 56%, despite the associated increase in mean Paw above PEEP by 4.1 cm H 2 O. The fi nding that at PEEP1 (approximately 12 cm H 2 O assist over PEEP 1 cm H 2 O), the inspiratory drive had increased to levels similar to those observed when only minimal assist was delivered at NAVAzero (approximately 2 cm H 2 O assist over minimized (ie, highest neuroventilatory effi ciency). Finally, visual determination of NAVAal is reproducible.
The effects of PEEP on respiratory drive are diffi cult to predict. Changing PEEP can alter respiratory system mechanics, chest-wall confi guration, gas exchange, and muscle function, all factors that impact respiratory drive. 1, [3] [4] [5] [7] [8] [9] [23] [24] [25] In a simplifi ed model, tidal breathing may occur at an unfavorable portion of the pressure-volume relationship when lungs partially collapse at low PEEP, whereas high PEEP may excessively shorten the diaphragm and hence impair the diaphragm length-tension relationship. 1 Both conditions may increase the load on inspiratory muscles to generate V t , and thus affect neuroventilatory effi ciency. Data are presented as median (25th-75th percentile) or mean 6 SD. Parameters measured during PEEP changes when using NAVAal during the preceding NAVA level titration procedure; n 5 20 unless otherwise indicated. exp. 5 expiratory; incl. 5 including; insp. 5 inspiratory; max. Tables 1 and 2 ods of PEEP changes might be different from our fi ndings.
Triggering
With NAVA, initiation and termination of the assist are independent of factors that may impede pneumatic control systems, such as intrinsic PEEP, low respiratory system compliance, high respiratory drive, or leaks in the patient-ventilator interface. 8, 14, 17, [40] [41] [42] The change from about 45% EAdi-based triggering at PEEPhigh to roughly 90% EAdi-based triggering at PEEP1 suggests progressive disadvantages for pneumatic triggering at lower PEEP levels. Our fi nding that decreasing PEEP increased EAdi triggering relative to fl ow triggering suggests progressive worsening of respiratory system mechanics with decreasing PEEP.
Neuroventilatory Effi ciency
Although the 74% mean increase in V t /EAdi from PEEP1 to PEEPhigh indicates improved effi ciency in converting electrical neuromuscular activity into tidal ventilation, the V t /EAdi index does not discriminate between contributing factors such as changes in respiratory muscle force or load, in respiratory system mechanics, in chest-wall confi guration, in intrinsic PEEP, and in gas tension. Thus, changes of the index do not allow the drawing of conclusions about which combination of factors was affected when extrinsic PEEP was altered. The primary aim of the present work was to describe the response in neuroventilatory effi ciency to changing PEEP in a heterogeneous PEEP 10 cm H 2 O) illustrates the large impact of PEEP on inspiratory drive.
Based on our previous studies and assuming that the increase in respiratory drive was due mainly to increased respiratory muscle load (worsening of oxygenation with decreasing PEEP suggests partial lung derecruitment) but not to impaired respiratory muscle function, we estimate that an increase in EAdi by 34% is associated with an increase in the mechanical work of breathing by roughly 50% to 60%. 14, 15, 17 With ventilatory modes in which the assist is not automatically altered when inspiratory drive changes (eg, with PSV), the effects on the inspiratory drive of altering PEEP can be expected to be even more pronounced. Thus, from a breathing effi ciency perspective, titration of PEEP might be as important as titration of the inspiratory assist level. The results of the present study suggest that during NAVA, retitration of the NAVA level might be necessary when changing PEEP if the same level of respiratory muscle unloading is to be achieved. To determine whether such an approach impacts the ventilatory pattern requires separate testing.
The results of the present and previous studies also support the concept that application of NAVA allows patients to preserve their "desired" V t and RR over a wide range of both PEEP and NAVA levels. 17, 18, 39 This is likely due to neural feedback modulating EAdi, so that with NAVA, the resulting change in Paw compensates, at least in part, for altered respiratory system mechanics and muscle function when PEEP is changed. Of note, in the present study, each PEEP step was maintained for only 15 to 20 min. The patient's response to longer peri- the PEEP-induced reduction in load (or vice versa). Another potential explanation for the diverse V t /EAdi response could be that in some patients diaphragm activation was inhibited at higher PEEP levels and that rib cage and accessory inspiratory muscles contributed relatively more to V t . However, this is very unlikely because our previous work contradicts that hyperinfl ation suppresses EAdi. 21 Because both the response in oxygenation and in end-expiratory fl ow velocity to changing PEEP were not different among the three subgroups, changes in V t /EAdi are unlikely to be associated with changes in lung function or levels of intrinsic PEEP.
The clinical relevance of the neuroventilatory efficiency index is that an increase of the index over time (ie, improved neuroventilatory effi ciency) indicates that a patient is able to generate more V t for a given group of patients, not to investigate the specifi c mechanisms involved. In fact, evaluation of the role of all factors involved in regulating neuroventilatory coupling would be a demanding task that would most likely require an extensively monitored animal model.
The heterogeneity of the individual V t /EAdi response pattern to changing PEEP emphasizes the complex interaction between PEEP and breathing. Whereas in some patients V t /EAdi only improved at the lowest or intermediate PEEP levels and then did not improve further, in others V t /EAdi increased with each step increase in PEEP. Theoretically, neuroventilatory effi ciency can only remain unchanged (plateau) in situations where a PEEP change does not alter load or muscle function, or in situations where a PEEP-induced worsening of the diaphragm's pressure-generating capacity is counterbalanced by Figure 3 . Individual V t /EAdi response patterns to changing PEEP differed among patients (see also e- Fig 4 for three individual patients) . In most patients, the V t /EAdi response pattern allowed for visual identifi cation of a PEEP level at which the EAdi cost for V t was either lowest (ie, highest V t /EAdi ratio) or above which the V t /EAdi ratio did not increase, only minimally increased, or even decreased with higher PEEP levels. Patients were grouped into three groups based on visual inspection of the V t /EAdi response patterns as follows: In patients in the "low PEEP group" (n 5 7), V t /EAdi was highest with either PEEP1 or PEEP0.5bl, whereas it decreased, remained unchanged, or increased only minimally with higher PEEP levels. In patients in the "intermediate PEEP group" (n 5 6), maximum V t /EAdi was reached with PEEPbl and remained unchanged or increased only minimally with higher PEEP levels. In patients in the "high PEEP" group (n 5 7), V t /EAdi was highest with PEEPhigh. Note, that in a few patients (eg, patients 2 and 8), V t /EAdi did not change much regardless of the PEEP level, and allocation of these patients to one of the three groups was somewhat arbitrary. Arrowheads indicate the direction of stepwise PEEP changes from PEEPhigh to PEEP1 to PEEPhigh. The V t /EAdi response pattern was very similar during incremental and decremental PEEP changes in most patients, indicating that the direction of PEEP changes per se did not affect the V t /EAdi response. The V t /EAdi values at different PEEP levels within the subgroups were compared using one-way repeated measures analysis of variance. Each series of the same symbols represents the V t /EAdi response of an individual patient to PEEP changes. See Figures 1 and 2 legends for expansion of other abbreviations.
respiratory drive, whereas a decrease in the index over time suggests the opposite. Our data suggest that individualizing PEEP to optimize neuroventilatory effi ciency is possible and might be helpful in minimizing the ventilatory assist above PEEP required to overcome residual inspiratory workload. Nevertheless, whether titration of PEEP based on the V t /EAdi response is feasible and meaningful, possibly in combination with other parameters such as oxygenation or prevention of the heart-lung interaction, requires separate testing.
As with the NAVA level titration procedures in the present and previous studies, 17, 18, 39, 43, 44 it has been demonstrated that changing the level of unloading with proportional assist ventilation has only a minor impact on V t , RR, and V e , 45 indicating that modes that respond to the patient's effort differ from conventional pressure and volume-targeted modes of ventilation in their impact on breathing pattern. Given that proportional assist ventilation only responds to estimated load and does not respond to changes in muscle function, it would not allow a similar eval uation of changes in the neuroventilatory effi ciency when altering PEEP as described in the present study.
Reproducibility of NAVAal Identifi cation
The Paw and V t response patterns to increasing NAVA levels in the present study confi rm our previous observations that NAVAal can be visually identifi ed while systematically increasing the NAVA level. 17, 18, 39 Our data demonstrate good reproducibility for identifi cation of NAVAal, suggesting that the method used has an acceptable accuracy for application in clinic routine and research. Because the transition from the fi rst and the second response does not occur acutely, some interindividual variability in determining NAVAal can be expected. Also, any NAVA level within the second response phase has minor, if any, effects on breathing pattern but only results in a higher degree of respiratory muscle unloading.
Conclusions
Increasing PEEP during NAVAal reduces respiratory drive. Within the time span studied, patients preserve their ventilatory pattern over a wide range of PEEP levels during NAVAal. Monitoring the neuroventilatory effi ciency response pattern to PEEP changes allows identifi cation of a PEEP level at which tidal breathing occurs at minimal EAdi cost. Such an approach may prove helpful in individualizing PEEP levels and in minimizing the assist above PEEP during assisted ventilation. Visual determination of NAVAal is reproducible.
